ABSTRACT
INTRODUCTION
Thermal management is a very important issue in MV switchgear design especially for high current ratings. According to the international standard IEC 62271-200 [1] , a temperature rise type test has to be performed, in order to make sure that the allowed temperature limits are not exceeded. To optimise the number of needed design tests, it is important to predict the temperature rise with a simulation tool.
Different approaches are available to thermal simulation, selection of which is always a matter of balance between the modelling complexity, accuracy, and computational cost. Among them, the thermal network method (TNM) [2] has extremely low computational cost at decent accuracy. The basic idea of TNM is to describe a thermal problem by an equivalent circuit network and solve the network with an electrical circuit simulator, for example, PSPICE [3] . A thermal library [4] is available, that provides the needed circuit element symbols and the corresponding thermal models for, e.g., loss power, thermal conduction, convective heat transfer, radiation, and more.
In AREVA T&D, TNM is used in the design and development of both air insulated switchgears (AIS) and gas insulated switchgears (GIS). In this paper, a GIS with a rated current of 2500A is taken as an example. The thermal network model for a test set up with four functional units is created. Simulation results are compared to the measurement to show the accuracy and efficiency of the method.
THERMAL NETWORK METHOD
TNM utilizes the analogy between electric and thermal field problems, as shown in Table 1 , where heat flow and temperature correspond to current flow and voltage, respectively. Thermal conduction, radiation and convection are represented by thermal resistors. The network model for a thermal problem could be created and solved using a circuit simulator.
Thermal
Electrical Equation Table 1 . Analogy between electrical and thermal problem.
The heat sources of a switchgear device are the temperature dependent ohmic losses of current carrying conductors, contacts, and connections. Heat is conducted along the current path and dissipated to the gas and enclosure through convection and radiation. The heated enclosure is cooled down through convection and radiation to the ambient. Using TNM, the power loss of a conductor is calculated by its geometrical dimensions and material properties. Heat dissipations via radiation and convection are described by thermal resistances, which are calculated based on the surface areas, emissivity numbers and the installation conditions. An iterative solver is necessary due to the dependency of the conductor resistivity, the convective heat transfer coefficient and radiation coefficient on the temperature. Figure 1 shows an example of a thermal network model for two pieces of conductors connected by a screw joint within a cubical, as a rudiment illustration of a switchgear model. Contacts and connections are critical points for a temperature rise test. According to the international standard IEC 62271-200 [1] , the temperature rise limit for contacts is lower than that for the conductors with bolted connection. On the other hand, heat generated by the joint resistances could only be dissipated through conduction. This makes the joints hot spots in the electric current path. Having a good estimation at these spots is very important for a successful simulation. This requires a proper discretization of the conductor bar in order to resolve the temperature distribution. Normally the size of discretization should be commensurate to the dimension of the cross section.
User Library
The solution for a faster and easier modelling is to set up a user library containing reusable sub-circuits for the parts, assemblies, and even the complete functional units. Once a model for a specific part or an assembly is created and verified, it is added to the library as a sub-circuit and can be used repeatedly. This leads to a much more efficient modelling procedure. Moreover, since geometry parameters entered to the main circuit is inherited by the sub-circuit, the number of inputs is greatly reduced especially when a part is discretized into several pieces. By this means managing parameters becomes much easier. Our user library is set up in three levels. The first level contains basic elements such as conductors and screw joints. The second level is a collection of parts built up with basic elements. The highest level includes complete units which are assembled from parts. With this library we could easily model a test case including multiple functional units. As an example, figure 2 shows the library component representation and the sub-circuit model for a bushing part. As seen in figure 2 (a) , the part is a coaxial shaped conductor coated by a layer of insulation material. In this example, the bushing goes through the wall of gas compartment to the outside with one segment surrounded by transformers. In the thermal network model, the conductor is discretized into four pieces. Heat is conducted along the conductor as well as through the insulation layer, and then dissipated via convection and radiation to the corresponding gases and enclosures.
Skin effect factor calculated by EM software
Skin effect is a very important issue in switchgear design. The tendency of alternating current flowing near the surface of conductor causes reduced effective cross sectional area, therefore, increased effective resistance. The enhancement of power loss due to skin effect must be considered carefully when setting up a thermal network model. The THETA library provides fit functions to automatically determine the skin effect factor for simple geometries. The skin effect factor for double or triple rectangular bars could also be found in the literature [5] . However, these factors are calculated for single phase only. When three phases are compactly installed in the switchgear, interactions between phases become nonnegligible. In order to take this proximity effect into account, a 2D or 3D electromagnetic simulation for the current distribution is necessary. After that, the power loss is calculated as
where ρ is the resistivity and J r is the total current density, respectively. The skin effect factor used in the thermal network analysis is then given by ( ) Figure 3 shows an example of a 2D simulation of ohmicloss distribution for three parallel copper conductors. The electromagnetic simulation gives a total power loss of 324.7 W/m at 90 C°, resulting in a skin effect factor of 1.508, which is 13% higher than that for a single conductor. 
SIMULATION PROCEDURE
Very often a simulation model is built up according to an existing test case. The model is verified by comparing simulation result to the measurement. After that it could be used for a parametric study and design optimization. Verified models are saved into the user library which benefits future modelling process. When a simulation gives negative result, e.g., allowed temperature rise limit is exceeded, the device should be improved and simulation cycle is repeated. Figure 4 shows a sketch of the simulation procedure. A test normally includes multiple functional units, which should be simulated simultaneously because the temperature rise of neighbouring units acts as boundary condition and heat exchange between units must be taken into account. On the other hand, instead of modelling the three phases separately, a single-phase representation could be taken to yield a simpler model. The reason is that the temperature difference between phases is often small, besides it is very hard to describe heat exchange, especially convective heat exchange, between phases. Therefore, a single-phase, multi-unit representation is used in this thermal network modelling. The simulation result is compared to the average measured temperature rise of the three phases.
EXAMPLE
In the following we show an example of TNM simulation for gas insulated switchgear. The target was to estimate the temperature rise for a 2500A single busbar (SBB) functional unit. There had been tests for a 2500A double busbar (DBB) unit with same inner components. Therefore we built up and verified our TNM model according to the existing DBB test, in order to have good knowledge base for the SBB simulation. After verification, the DBB model could be easily modified into a SBB one, which predicted requested results that was later on proved to be very close to the measurement. Figure 5 shows the picture of the DBB test set up. Thermal couples are placed along the current path to measure the temperature rise. The rated current of the units are (from left to right) 2500A, 2000A, 1250A, and 2000A, respectively. Figure 6 shows one of the test arrangements in a test series, where the top busbar was under load. Same current feeding scheme was applied for a rear busbar test. Figure 7 shows the simulation result of the 2500A unit compared to the measured one for both the top and rear busbar cases. The top busbar and rear busbar tests were simulated using the same unit models by employing in the thermal network a logical switch from top to rear busbar loading. As seen in Figure 7 , the simulation results agree well with the measurement for both cases. At this stage the DBB model was considered verified and could be used to predict result for the SBB unit. The TNM model for the DBB unit was modified according to the SBB unit design, i.e., the rear busbar compartment as well as the connection to rear side was removed, a heat sink model was added to the rear surface of the enclosure, and so on. The simulation showed a positive result as given in Figure 8 . A test after several months later showed a good agreement with the simulation. 
CONCLUSION
Thermal network method was used in the temperature rise simulation of gas insulated MV switchgear. Verified by numerous measurements, this method proofed to perform highly efficient as an analysis and design tool for thermal management of GIS. The modelling process became much faster and easier by building up a structured user library. We now have in the library validated models for all our GIS devices, from simple parts and assemblies to complicated equipments. With this library we could simulate requested design changes conveniently. Due to the very low computational cost, this method can be used for massive parametric study and design optimization of switchgear devices.
